Abstract. The aim of this study is to characterize the extreme rainfall event on 21-22 July 2012 in Beijing, and its impact on human vulnerability. Based on the available meteorological and rainfall data from Beijing meteorological stations and Surface Weather Observation Stations, the study draws hourly rainfall maps to simulate the rainfall amount and spatial distribution. Using these maps, this paper provides a quantitative analysis of the impact of the temporal and spatial characteristics of rainfall on the vulnerability of three population groups, according to age, gender and total number of victims. The results of three linear regression models indicate the different effects of extreme rainfall parameters on victims with different characteristics. The analysis of victim data in this extreme rainfall event represents the distribution and characteristics of victims in the eight affected districts, and concludes that the "vulnerable group" are males and adults in this extreme rainfall event. This paper is an initial effort to analyze the impact of an extreme rainfall event on the vulnerability of populations with different characteristics quantitatively, which can be used by stakeholders to prioritize the extreme rainfall event impact issues, and develop contingency plans to address and prevent the human and structural damages caused by the extreme rainfall events.
Introduction
The world is developing and urbanizing at a significant rate (UN-HABITAT, 2003; UNPD, 2007) , especially in many developing countries. A negative influence of humans on earth systems, such as rapid urbanization and environmental degradation, is happening on an unprecedented scale (Steffen et al., 2004; MA, 2005) , which has induced a "no-analogue" situation of climate change such as sea level rise and changing rainfall patterns. Recent scientific reports (IPCC, 2001; Beniston and Stephenson, 2004; Smith et al., 2004; Mechler et al., 2006) have shown that climate change could generate more extreme climatic events (e.g. hurricanes, floods, extreme rainfall) in many parts of the world in the future. Just in recent years, the increasingly frequent occurence of extreme rainfall disasters that induced flood at regional and global scales (6 April 2010, Rio de Janeiro, Brazil; 20 May 2010, Poland; 15 June 2010, France; 16 June 2010, Bangladesh;  13 August 2011, New York, USA; 12 January 2012, Berlin, Germany; 11 July 2012, Kyushu, Japan) supports the review that climate change is expected to lead to more intense rainfall during 21st century (Groisman et al., 2004; Huntington, 2006; Mechler et al., 2007; Beniston, 2009; Church et al., 2010) . These sudden intense rainfall disasters as mentioned above often occur in small areas and have high-intensity rainfall rate with little or no advance warning time to prevent damage, which posts the greatest threat to the natural systems, human life, public health and property (Kelsch et al., 2001; Meehl et al., 2007) . Such extreme rainfall events have raised public, political and scientific awareness of extreme rainfall risk (Pelling, 2005; Merz et al., 2007; Dutta et al., 2011) . The research of cities' vulnerability to extreme rainfall has been the special focus in many studies (Cislaghi et al., 2005; Bodini and Cossu, 2010) . The adaptation and optimized response to the increased incidences of extreme rainfall events are particularly significant and important (Lindley et al., 2006) , especially in cities, where high density of populations combined with urbanized land cover can increase the damage of extreme rainfall to human life.
J. Liu and S.-Y. Wang: Analysis of human vulnerability to the extreme rainfall event
Vulnerability is the intrinsic characteristic of the hazards' receptors (which can be people, infrastructure, economic activities, etc.). It defines the degree of these receptors' susceptibility to harm from, or inability to cope with hazards (Kaźmierczak and Gina, 2011) . In this paper, hazard is defined as the probability of occurrence of a potentially dangerous event in a fixed time range and over a fixed area (UNESCO, 1984) . It is related to the type of hazard (determined by the severity of the disaster event). Vulnerability is defined as the conditions determined by physical, social, economic, environmental factors or processes, which increase the susceptibility of a community to the impact of hazards (UN/ISDR 2004) . Nowadays, the research of the vulnerability system can be divided into four main components: social vulnerability (Anderson, 2005; Yoon, 2012) , economic vulnerability (Fuchs, 2009; Kienberger, 2012) , environmental vulnerability (Barnett et al., 2008; Boruff and Cutter, 2007) and physical vulnerability (Luna et al., 2011; Kappes et al., 2012; Totschnig and Fuchs, 2013) . Social vulnerability is defined as "the characteristics of a person or group and their situation that influence their capacity to anticipate, cope with, resist and recover from the impact of a natural hazard" (Blaikie et al., 1994; Weichselgartner, 2001; Wisner, 2003) . Until recently, experts and scholars have begun to know that the risk of disasters may be increased by the surrounding environment of the disasters. With the rapid development of cities and many more people migrating to cities, the city becomes more susceptible to natural disasters and man-made disasters. So the research of social vulnerability that can identify the socio-economic conditions of individuals (e.g. age, race, health, income, employment) related to a particular risk and predict the vulnerability of specific groups of affected people, will improve the mitigation of negative disasters (Hewitt, 1997; Basher and Briceño, 2005) . Human vulnerability is defined as the characteristics of individuals in terms of their capacity to anticipate, cope with, resist and recover from the shocks and stresses of natural disaster (Blaikie et al., 1994) . Nowadays, it is increasingly being seen as a key step in measuring the social vulnerability towards effective risk reduction and promotion of a culture of disaster resilience (Blaikie, 2006) . According to Turner et al. (2003) , human vulnerability depends on three main factors: the level of exposure, the sensitivity of an individual or system and the ability to cope with an event. In recent decades, the research on human vulnerability has covered three aspects: human exposure (whether or not people are in the affected area of disasters), human susceptibility (the probability and extent of humans to be affected by disasters), and human resilience (the ability of humans to recover from disasters) (Bosher et al., 2007) . Just in the research of human exposure, Cutter et al. (2000) proposes that human exposure is referred to the location of people, which can increase or reduce the contact between people and natural disasters. She illustrates that the fatality rate resulting from a flood event is highly influenced by three major factors: the number of people occupying the flood plain, which is also called population at risk; the amount of warning that is provided to the people exposed to dangerous flooding; and the severity level to the people. Honghai and Altinakar (2011) maintain that loss-of-life computation should consider many uncertainty factors in flood severity, warning time, population at risk, and fatality rate. Within the research of human susceptibility, some studies show that human susceptibility is the negative definition of vulnerability, which refers to the degree or extent of a community to be affected by disasters and often expressed by the depth-damage relationships (UN/ISDR, 2004; ADPC, 2005; Thywissen, 2006; Meyer et al., 2009) . For example, the susceptibility of individuals to flood hazards is dependent on several factors, such as the geographical location, socio-economic and cultural conditions, political and institutional structures as well as coping and adaptive capacity; these factors differentiate the impact of flood hazards on people and human systems (Wisner, 2003; Barroca et al., 2006) . In the research of human resilience, some studies show that human resilience is the positive definition of vulnerability, which refers to the people's capacity to withstand or recover from the damaging effect of extreme loads (Burton et al., 1993; Kelly and Adger, 2000; Walker et al., 2002; Cardona, 2005) . The risk awareness of people is increasingly seen as a crucial factor in the promotion of human resilience (UN/ISDR, 2004; McEntire, 2005) . These studies include the research by the NATO Advanced Study Institute on "Coping with Flash Floods" (Montz and Gruntfestb, 2002) , the research by Miceli on "the perception of risk" (Miceli et al., 2008) , the research by Ibidun on "the awareness and preparedness of affected people" (Ibidun, 2011) , and the research by Creutin and Borga on "the social response time for different social actions" (Creutin and Borga, 2003) .
In the research on human vulnerability above, more specific studies have focused on the qualitative research of human vulnerability, lacking the detailed quantitative analysis of the impact of physical characteristics of extreme rainfall event on human vulnerability. So this paper is a first attempt to combine the physical distribution and characteristics of extreme rainfall with victims of different characteristics (age and gender) to analyze the impact of the hydrometeorological conditions on human vulnerability of different types of populations in this extreme rainfall event. According to Turner et al. (2003) , the level of human vulnerability is mainly determined by the physical characteristics of people. The vulnerability of people to act in an extreme rainfall event could be negatively affected by their age (Kaźmierczak and Gina, 2011) . Gender are often the most pertinent factor in differentiated vulnerabilities that are exacerbated through disaster processes (Enarson and Morrow, 1998; Cannon, 2002) . Reports from Sri Lanka and India suggest that more than 30 % of victims killed by the tsunami of 2004 were children (Rohde, 2005) . In the great Hanshin earthquake in 1995, more than half of the 6000 killed were over 60 yr of age (Wisner and Blaikie, 1994) . So in this paper, J. Liu and S.-Y. Wang: Analysis of human vulnerability to the extreme rainfall event 2913 4 as a population of 14.93 million people. It is he nation's political, economic, cultural and ducational center as well as China's most mportant center for international trade and on the Inner Mongolia Plateau, cut through the mountains west and north of the city, and eventually flow into the Bohai Sea. Fig. 1 shows the topographic map of Beijing.
ig. 1. Topographic map of Beijing he city's climate is a rather dry, onsoon-influenced humid continental climate using the database of victims that died in the extreme rainfall event in the eight affected districts of Beijing, we conduct the statistical analysis of their characteristics, including their gender, age, the causes of death, the distribution and location of victims in the eight affected regions. Combined with the rainfall distribution and characteristics of rainfall in the eight affected districts of Beijing, we select three key extreme rainfall parameters (response time, rainfall event and rainfall duration) to estimate the degree of risk of this extreme rainfall event. Adopting the linear regression analysis approach, we estimate the effects of each extreme rainfall parameter on victims with different characteristics (e.g. gender, age). These results can then help us learn which types of individuals are at highest risk of extreme rainfall event, and the key extreme rainfall parameters for affecting the human vulnerability of different types of populations in the extreme rainfall event.
Study area
Beijing (latitude 39 • 54 N and longitude 116 • 23 E), located in northeast China, covers a total area of 16 807.8 km 2 and has a population of 14.93 million people. It is the nation's political, economic, cultural and educational center as well as China's most important center for international trade and communications. Geographically, Beijing is located at the northern tip of the North China Plain (102 km west of Bo Hai Sea), near the meeting point of the Xishan and Yanshan mountains. The city itself lies on low and flat land, with 3). The rapid population growth will increase the probability of human death and injury during a extreme rainfall event (Fernando, 2007 elevation generally between 40-60 m a.s.l., and opens to the east and south. In Beijing, mountains surround the city from the southwest to the northeast and reach elevations of over 2000 m. The terrain of Beijing is roughly 38 % flat and 62 % mountainous. Several major rivers, including the Yongding, Chaobai and Wenyu flow through Beijing Municipality. They originate on the Inner Mongolia Plateau, cut through the mountains west and north of the city, and eventually flow into the Bohai Sea. Figure 1 shows the topographic map of Beijing.
The city's climate is a rather dry, monsoon-influenced humid continental climate (Fig. 2) , characterized by hot, humid summers due to the East Asian monsoon, and generally cold, windy, dry winters that reflect the influence of the vast Siberian anticyclone. Most of Beijing's rainfall falls in the summer months (July and August) due to the Asian Monsoon and Maiu Front, which is most likely to lead to the occurrence of the extreme rainfall events. Beijing Meteorological Observatory (2011) indicates that increased frequency and magnitude of extreme rainfall events have occurred since 1998; even in the past 5 yr, the extreme rainfall events which cause local floodings occur in Beijing almost every year (e.g., 4 July 2008 , 23 July 2009 , 13 June 2010 , 23 June 2011 . The rainfall of these events present the characteristics of highintensity, locality and short time duration.
Besides the increased frequency of extreme rainfall events, urban development is a large creator of the increasing vulnerability of city residents (Adelekan, 2000) . The total population of Beijing increased from 8.71 million in 1978 to 19.61 million in 2010 (Fig. 3) . The rapid population growth will increase the probability of human death and injury during a extreme rainfall event (Fernando, 2007) . The percentage of the urban population increased from 54.96 % in 1978 to 85.96 % in 2010. More migrants and new residents that are unaware of the risk of natural disasters and have difficulty in accessing and interpreting important information (Pfister, 2002) increase the number of the socially vulnerable 5 e rapid population growth will increase robability of human death and injury g a extreme rainfall event (Fernando, . The percentage of urban population was vulnerable population of Beijing. Table 1 shows the distribution of population and land area in the each district of Beijing in 2012 (before the extreme rainfall event). population of Beijing. Table 1 shows the distribution of population and land area in the each district of Beijing in 2012 (before the extreme rainfall event).
1. Children are defined as persons younger than 18 yr old.
2. Adults are defined as persons aged between 18 and 49.
3. Elderly people are defined as persons older than 50 yr old.
Data and method
On 21-22 July 2012, Beijing was hit by a 1-in-60 yr event.
The extreme rainfall began at 10:00 UTC on 21 July, and lasted nearly 16 h. From the data announced by the China Meteorological Administration, in less than 24 h, the average rainfall of the whole city is more than 170 mm. In the city areas, the average rainfall was more than 225 mm. Especially in Fangshan District, the maximum rainfall accumulated in 24 h is 460 mm, a 1-in-500 yr event. This extreme rainfall caused floods and mudslides in Fangshan District. It was the deadliest hydro-meteorological catastrophe in Beijing since 1951. This extreme rainfall event took 77 human lives, created 1.9 million homeless, and damaged many aspects of the infrastructure including houses, roads, bridges, drainages, and electricity poles. The economic losses of agricultural production was estimated to be 450 million yuan over the affected area of 16 000 km 2 .
Data

Victims data
On 21-22 July 2012, 77 persons were killed in the extreme rainfall event in the eight affected districts of Beijing (only 60 victims' specific information was announced by the Government of China). Data of victims were collected by combining different sources. The list of victims obtained from a report published by the National Flood Control and Drought Relief Agency. The detail characteristics of victims include gender, age, the cause of death, the precise time and location of death gathered from the newspapers following the extreme rainfall event, the municipality and rescue services. In addition to the available database, field surveys and interviews were carried out to obtain more local information about the characteristics of victims in the extreme rainfall event. Table 2 and Fig. 4 show a summary data of the characteristics and distribution of the victims of this extreme rainfall event.
Rainfall data
To analyze the rainfall variations of these extreme rainfall events that occurred in Beijing, daily and hourly rainfall data are readily available from 48 rainfall gauge stations in Beijing. The Beijing meteorological stations are used to obtain rainfall data in the study area. In this study, the rainfall data are mainly provided by the Surface Weather Observation Stations. Other detailed climatic data are collected from the "National Meteorological Information Center", various documented/published reports, government website databases and sources (e.g. newspaper, broadcasting). Combined with these rainfall data above, in this paper, we use the TPS (thin plate spline) method to estimate the rainfall process of this extreme rainfall event on 21 July 2012, between 09:00 UTC and 21:00 UTC. Thin plate splines (TPS) were introduced to geometric design by Duchon (Duchon, 1976) . Recent comparisons with geostatistical (kriging) methods, with which splines share close formal connections, have been presented by Hutchinson (1993) , Hutchinson and Gessler (1994) and Lasletta (1994) . Then we use GIS to reconstruct the rainfall process and build hourly rainfall maps (an approximated horizontal resolution of 0.5 • × 0.5 • ) of this extreme rainfall event (Fig. 5 ).
Linear regression analysis of the effects of the extreme rainfall parameters on the human vulnerability of different types of populations
Researchers have emphasized that characteristics of the extreme rainfall event are important parameters, affecting the distribution of population at risk significantly (Machefert and Dise, 2004) . Isabelle et al. (2008) proposes that the first step in identifying human vulnerability in different disaster situations is to better understand the circumstances of the accidents resulting from such events. So in this paper, we use response time, rainfall event and rainfall duration as parameters to describe the temporal and spatial characteristics of this extreme rainfall event. Table 3 shows the data of these extreme rainfall parameters of the eight affected districts.
Response time
Hydrologists define response time as the reaction time people have after an extreme rainfall event occurs, which is represented by the time between the occurrence of the extreme rainfall to the arrival of the rainfall peak.The extreme rainfall event that occurs in a small catchment with a response time shorter than 1 h appears to be more dangerous, and it is often said that warnings for these events are useless (Isabelle et al., 2008) . In this paper, we use the time that the accumulative rainfall reached 50 mm or 100 mm in the initial stage of an extreme rainfall event to define response time. In China, a rainstorm warning can be divided into four levels on the basis of rainfall: the blue rainstorm warning (the accumulative rainfall will be more than 50 mm rainfall in twelve hours, or has reached more than 50 mm rainfall and is likely to continue), the yellow rainstorm warning (the accumulative rainfall will be more than 50 mm rainfall in six hours, or has reached more than 50 mm rainfall and is likely to continue), the orange rainstorm warning (the accumulative rainfall will be more than 50 mm rainfall in three hours, or has reached more than 50 mm rainfall and is likely to continue), and the red rainstorm warning (the accumulative rainfall will be more than 100 mm rainfall in three hours, or has reached more than 100 mm rainfall and is likely to continue). In this paper, we use two indexes to estimate response time for people and government after an extreme rainfall event occurred: TP 50 denotes the time the accumulative rainfall reached 50 mm. TP 100 denotes the time the accumulative rainfall reached 100 mm.
Rainfall event
The rainfall event can be used as a key indicator to determine and forecast extreme rainfall severity; it implies that the extreme rainfall event may occur more severely due to the increasing trend of the heavy rainfall intensity. People tend to become victims at particular locations where rainfall intensity is higher than the resistance offered by a human body, or even induce local flooding. In this paper, we use three indexes to represent the rainfall events of the extreme rainfall event: TP denotes the total rainfall of the affected areas; MHP denotes the maximum hourly rainfall of the affected areas; and AHP denotes the average hourly rainfall of the affected areas. Linnekampa et al. (2011) indicates that the different duration of high-intensity rainfall in different areas can substantially impact a human's ability to cope and recover. Flash floods are predominantly caused by the heavy rainfall with short duration, occurring locally. Therefore, such floods are difficult to forecast, warn against and prepare for . In this paper, we use three indexes to represent the duration of three different levels rainfall intensity of the extreme rainfall event: DP 10 denoted the duration of hourly rainfall above 10 mm h −1 ; DP 20 denoted the duration of hourly rainfall above 20 mm h −1 ; and DP 30 denoted the duration of hourly rainfall above 30 mm h −1 . In order to analyze the human vulnerability of populations with different characteristics, the victims are classified by gender (male or female) and age (child < younger than 18 >, adult < aged between 18 and 49 >, or elderly people < older than 50 >). Regarding human vulnerability, in this paper our major theoretical hypothesis is that higher levels of human vulnerability result from more victims due to extreme rainfall events. So we use the number of different types of victims to represent the human vulnerability of populations with different characteristics.
Rainfall duration
In this paper, a linear regression analysis is used to predict the effect of extreme rainfall parameters on human vulnerability and find the decisive indicator which has the significant influence on human vulnerability. In statistics, regression analysis is a statistical technique for estimating the relationships among variables. It includes many techniques for modeling and analyzing several variables, when the focus is on the relationship between a dependent variable and one or more independent variables. More specifically, regression analysis helps one understand how the typical value of the dependent variable changes when any one of the independent variables is varied, while the other independent variables are held fixed. Regression analysis is widely used for prediction and forecasting, where its use has substantial overlap with the field of machine learning. Regression analysis is also used to understand which among the independent variables are related to the dependent variable, and to explore the forms of these relationships.
Results
Analysis of the rainfall characteristics
The twelve maps (Fig. 5) illustrate spatial distribution of the rainfall event on 21 July, between 09:00 and 21:00 UTC. From 09:00 to 10:00 UTC, the high-intensity rainfall began of the total monthly rainfall in July, 2012. at the southwest and northeast regions of Beijing, including the districts of Miyun, Fangshan and Fengtai. These districts are all located at the foot of Taihang mountain, which was affected by the southwesterly airstream and terrain and lifted a lot of warm and humid air to condense into the extreme rainfall. In the following two hours, a more intense rainfall moved from northeast into southwest regions, the rainfall rate of most southwest regions (including Shunyi, Chaoyang, Fengtai, Fangshan) increased (up to 40 mm h −1 ) and was more concentrated over some low lying plains, which caused the local flooding event. From 12:00 to 16:00 UTC, the rainfall continued moving into the southeast regions of Beijing, and the rainfall rate began to decrease. Up to 16:00 UTC, the second rainfall peak occurred in the southwest and the central regions in Beijing, including Fangshan, Mentougou, Chaoyang, Haidian, Shijingshan and Fengtai districts. After that, the extreme rainfall event basically ended at 21:00 UTC. Throughout the period of the extreme rainfall event on 21 July 2012 between 09:00 UTC and 21:00 UTC in Beijing, the orography played an important role in enhancing and focusing the spatial and intensity distribution of rainfall.
The total daily rainfall amounts for the 21-22 July 2012 is shown in Fig. 6 . From 09:00 UTC on 21 July to 00:00 UTC on 22 July, the extreme rainfall event lasted for 16 h, and the average daily rainfall was 170 mm in the whole city and 215 mm in the urban area, the maximum rainfall since 1951. Compared with the rainfall of the same period, the average monthly rainfall of July in Beijing was 156.7 mm for the past 30 yr, and it was 291 mm in July 2012, which an increase of 75 % for the same period; on 21-22 July, the rainfall amount was 73.9 % of the total monthly rainfall in July 2012.
According to the rainfall data of these twelve maps, we calculate the hourly and accumulative rainfall of the eight affected districts on 21-22 July 2012, between 09:00 UTC and 21:00 UTC (Figs. 7 and 8) . By analyzing the rainfall data of these two figures, the hourly rainfall of all affected districts reached the maximum within an hour after the extreme rainfall event occurred. Particularly in Fengtai, Shijingshan and Chaoyang, the maximum hourly rainfall exceeded 50 mm h −1 from 11:00 UTC on 21 July 2012. The accumulative rainfall of Fengtai, Daxing, Shijingshan, Chaoyang, Fangshan and Tongzhou exceeded 100 mm within an hour after the extreme rainfall event occurred, which achieved the standard of the red rainstorm warning (the most serious level of rainstorm warning). So this extreme rainfall event has been defined as a catastrophic event with suddenness and high-intensity rainfall.
Results from the analysis of the characteristic of rainfall indicate that the sudden and high-intensity rainfall are the main reasons for inducing high economic losses and a huge number of human casualties in this extreme rainfall event. Many researchers define the suddenness of the extreme rainfall event in reference to rain occurrence (response time) or, more directly, in terms of the time to reach the maximum rainfall (Schwein, 1996; Morrow, 1997; Montz, 2001; . A sudden rainstorm event means the rainfall may reach a floodplain within minutes to a few hours after the event occurs, leaving little or no time for early warning and emergency preparedness, which leads to more (Schwein, 1996; Morrow, ontz, 2001; . A rainstorm event reflects the rainfall may floodplain within minutes to a few ter the event occurs, leaving little or no or early warning and emergency preparedness, which leads more populations face higher risk (Creutin and Borga, 2003; Fothergill and Peek, 2004; Merz, 2010) . (Schwein, 1996; Morrow, Montz, 2001; . A rainstorm event reflects the rainfall may a floodplain within minutes to a few after the event occurs, leaving little or no for early warning and emergency preparedness, which leads more populations face higher risk (Creutin and Borga, 2003; Fothergill and Peek, 2004; Merz, 2010) . populations facing higher risk (Creutin and Borga, 2003; Fothergill and Peek, 2004; Merz et al., 2010) .
In this rainfall event, approximately 49 % of victims were killed in the Fangshan district. Besides the impact of the characteristics of rainfall, the topography of Beijing is aanother reason to explain that the victims were heavily concentrated in Fangshan district. Fangshan district is located in the mountain areas in western Beijing, which is surrounded by the mountains and belongs to the low-lying areas. So the flash floods and debris flows are often occurred in this district, which makes it become the geological disaster-prone areas in Beijing. Beijing is surrounded by mountains on three sides, which is conducive to the uplift movement of the warm and humid air, but not horizontal diffusion. Those gathered warm and humid air will be developed into a heavy rainfall in the western of Beijing with the effect of southwesterly airstream. Due to the impact of heavy rainfall and unstable geological conditions, the mudslides and flash floods occurred in Fangshan district on 21-22 July 2012, which killed 38 persons.
Analysis of the distribution and characteristics of victims
Classifying the victims by gender and age characteristics, we find 58.33 % of the total victims are males, 70 % of the total victims are adults, 11 % of the total victims are children and 19 % are elderly people. Compared with the distribution of gender and age in the district population before this extreme rainfall event (Table 1) , we can find the "vulnerable group " in this extreme rainfall event (Figs. 9 and 10) . By analyzing these two figures, the result offers a new perspective in identifying the "vulnerable group" in this extreme rainfall event. Many studies have shown that the vulnerability of people mostly relate to factors such as age, disability, ethnicity, income, family structure and social networks, housing and the built environment (Blaikie et al., 1994; Granger, 2003) . Sivell et al. (2008) suggest that those aged over 75 yr are considered a vulnerable sector of a population. Many nongovernmental organizations and other development institutions define "vulnerable groups" as women, children, elderly people, and the like. But in this extreme rainfall event, the percentage of male victims exceeds the percentage of males in seven affected districts (the average percent of males in the eight affected districts is 51.7 %, while the average percent of male victims in this extreme rainfall event is 58.33 %) (Fig. 9) . Similarly, the percentage of adult victims overall exceeds the percentage of adult in the eight affected districts (the average percent of adults of the eight affected districts is 64.79 %, while the average percent of adult victims in this extreme rainfall event is 70 %). But most of the percentage of child and elderly victims are lower than the percentage of children and elderly people in the eight affected districts (the percentage of children and elderly people of the eight affected districts are 14.25 % and 20.97 %, respectively, while the average percent of child victims and elderly victims in this extreme rainfall event are 11.67 % and 18.33 %, respectively) (Fig. 10) . Different people will be vulnerable to different hazards in differing degrees, although there may will be households which, if they are vulnerable to one type of hazard, are likely to be vulnerable to others too (Wisner, 2003) . The reason for the gender and age distribution of victims in the extreme rainfall event may be affected by the death circumstances, the cause of death and the time of the extreme rainfall event. According to the statistical data from World Bank (2005), 85 % of the victims were killed outside in the extreme rainfall event. The analysis of death circumstances of this extreme rainfall event shows that 90 % of victims were killed outside the home (e.g. in the village, on the lawn, under the bridge, on the river bank, on the highway, on the street, etc), and 77 % of victims were killed in a drowning accident (Table 2) . Time is "of the essence" as the understanding of disasters lies in the time the disaster occurs (the day or night) and the stage of the impact of the disaster after the hazard has occurred. The day of the week (particularly market days, rest, festival or holy 14 ble group" in this extreme rainfall any studies have shown that the ility of people mostly relate to factors age, disability, ethnicity, income, while the average percent of child victims and elderly victims in this extreme rainfall event are 11.67% and 18.33%, respectively) (Fig.  10) . (Table 4) . In order to describe the influence degree of each extreme rainfall days) is also relevant in terms of possible concentrations of people in space and time. In this study, the extreme rainfall event occurred at 09:00 on Saturday, and most of the victims were killed from 09:00 to 15:00. During this time, most young people or families went out to spend the weekend, in contrast, most elderly people were at home or inside buildings. In addition, this is the tourist season in Beijing; large numbers of tourists came to Beijing for holiday, and 80 % of these tourists are young and middle-aged adults, which may be another reason that the "vulnerable groups" are males and adults in the extreme rainfall event during 21-22 July 2012 in Beijing.
Analysis of the effects of the extreme rainfall parameters on the human vulnerability of victims with different characteristics
Three linear regression models show a detailed quantitative analysis of the impact of each extreme rainfall parameter and their combined effects on human vulnerability of different types of populations (Table 4) . In order to describe the influence degree of each extreme rainfall parameter on victims with different characteristics more clearly, we use dark gray to indicate a high level of impact, light gray for medium and white for low. An asterisk (*) symbol marks the most significant impact of each extreme rainfall parameter index on victims of all types of victims. The data of the extreme rainfall parameters which are used in 3 models are all standardized (by dimensional analysis, a dimensionless quantity is a quantity without an associated physical dimension) to eliminate the impact of the different unit of each parameter.
Model 1 the impact of each extreme rainfall parameter on victims in 3 different age groups
Model 1 (Table 4) and Fig. 11 show the impact of extreme rainfall parameters on victims with different ages. In model 1-1 (child victims), the influence of TP, MHP, AHP on the child victims are larger than other extreme rainfall parameters. Thus the vulnerability of children to the extreme rainfall event has a very significant relationship with rainfall event. In model 1-2 (adult victims) and model 1-3 (elderly victims), the influence of TP, AHP and DP 10 on the adult and elderly victims are larger than other extreme rainfall parameters. As such, the effects of the rainfall event and duration have more impact on the vulnerability of adult and elderly victims. In model 1-2, the coefficients of each extreme rainfall parameter is larger than the coefficients in other two models. For the extreme rainfall parameters with significant influence, the TP coefficient is 6 times larger than that in model 1-1, and 2 times that in model 1-3; the AHP coefficient is 4 times larger than that in model 1-1, and 3 times that in model 1-3; the DP 10 coefficient is 5 times larger than that in model 1-1, and 3 times that in model 1-1. This provides an indication that all of the extreme rainfall parameters have a greater influence on adult victims than the remaining two models. The adult victims are more susceptible to the change of the extreme rainfall parameters than children and elderly victims. Particularly in model 1-2, TP 50 , TP, and DP 10 have the most significant impact on adult victims of all types of victims (including child, elderly, male and female victims). So the adult victims are most susceptible to the change of TP 50 , TP, DP 10 than other types of victims.
Model 2 the impact of each extreme rainfall parameter on victims in 2 different gender groups
Model 2 (Table 4) and Fig. 12 show that the impact of each extreme rainfall parameter on victims in different gender groups. For the two models (male and female), the influence of TP, AHP and DP 10 on the male and female victims are larger than other extreme rainfall parameters. So the vulnerability of male and female to the extreme rainfall event have a very significant relationship with the rainfall event and duration. Comparing model 2-1 (male victims) with model 2-2 (female victims), the result supports the notion proposed in Sect. 4.1 that the "vulnerable group" is a group of people who are more susceptible to the change of the extreme rainfall parameters. In model 2-1, the coefficients of each extreme rainfall parameter is larger than the coefficients in model 2-2, particularly TP 100 , MHP, and AHP, which have the most significant impact on male victims of all types of victims (including child, adult, elderly, female victims). It is the the reason that the the number of male victims are higher than female victims. It also demonstrates the reason that the vulnerability of males is generally higher than females in this extreme rainfall event.
Model 3 the impact of each extreme rainfall parameter on the total victims
As a comparative model, model 3 (Table 4) and Fig. 13 show the impact of each extreme rainfall parameter on the total victims. According to this model, TP, AHP and DP10 show a much stronger relation to the total victims. TP especially has a significant influence on the total victims, with each unit of TP extending in the process of the extreme rainfall event, and the number of victims increasing by a multiplicative factor of 402.623. So the total rainfall and the average hourly rainfall, which respectively characterize the depth and severity of the extreme rainfall event, is the decisive factors of the total victims. In addition to this, rainfall duration, which represented the lasting time of the extreme rainfall event, also plays an important role in affecting the total victims. So the total victims are more susceptible to the rainfall event and duration than other physical characteristics of extreme rainfall events. Linear regression models explain the impact of each extreme rainfall parameter on victims with different characteristics. Inspection of model simulation shows that the quality of these six statistical models are supported by a t test which described the quality of fit criteria with significance values above 0.05, and the coefficient of determination R 2 , which describes how well a regression line fits a dataset. With the accepted quality of fit criteria (R 2 = 1.000, Sig. = 0.000), these six statistical models were all supported so that these independent variables delivered a valid explanation. These models could therefore be the appropriate analysis measures to explain the relationship between each extreme rainfall parameter and victims with different characteristics.
Discussion
In this paper, we use the linear regression model to quantitatively analyze the impact of extreme rainfall parameters on different types of victims. In these three models, the relevance of most extreme rainfall parameters with victims are similar but one is different in model 1-3. TP 50 , TP 100 , TP, MHP, are DP 30 are positively associated with victims. AHP and DP 10 are negatively associated with victims. The main difference is that MHP is negatively associated with elderly victims in model 1-3 (Table 3 and Fig. 10 ). This result shows, as expected, that higher rainfall intensity and longer rainfall duration would lead to more victims. But the relevance of response time (TP 50 and TP 100 ) with victims contradicts our previous assumptions that response time should be negatively associated with victims. The interpretation of this relation can not be obtained from the data presented in this paper. For the chosen three groups of extreme rainfall parameters, the variables TP, AHP and DP 10 can be considered to be a valuable contribution for all types of victims. Especially TP has a much higher influence on victims than other 2 variables. This result supports a general notion that the rainfall event and duration, which are the physical factors to determine the risk of extreme rainfall event (DEFRA and EA, 2006) , could be used as a key index to affect the number of victims in an extreme rainfall event. It demonstrates that the extreme rainfall may occur more severely due to the increasing duration of high-intensity rainfall, even causing local flooding and mudslide. Although the definition of human vulnerability to the extreme rainfall event is sometimes understood simply as their ability to respond to and withstand the extreme rainfall event, the physical characteristics of an extreme rainfall event has a very significant influence on it.
In model 1-2 and model 2-1, the result proves that the adult and male victims are more susceptible to the change of the extreme rainfall parameters than other types of victims, because males were the most exposed population during the day and hours of the rainfall event. The extreme rainfall event occurred on 21-22 July in Beijing, which is a 1-in-60 yr event with the physical characteristics of high-intensity rainfall and long duration, and led to more males and adults being killed.
Besides the impact of the characteristic of rainfall, the analysis of the distribution and characteristics of victims shows that more adults and males were killed may be related with the death circumstances, the cause of the death and the time of this extreme rainfall event. More than 90 % victims were killed outside home (77 % were killed in the drowning accident) between 09:00 and 15:00. During this time, there is a great chance for the adults and males to be outside the home for working, traveling and business. The combination of the suddenness and high-intensity rainfall and the distribution of people when the extreme rainfall event occurs can justify why adults and males are the "vulnerable group" in this extreme rainfall event.
Conclusions
As a general conclusion, the study presented here shows the temporal and spatial characteristics of rainfall in the extreme rainfall event on 21-22 July 2012 in Beijing, and its impact on the vulnerability of populations with different characteristics (age, gender and total number of victims). Firstly, we use the daily and hourly rainfall data from the Beijing meteorological stations and the Surface Weather Observation Stations to reconstruct the process and distribution of the rainfall during the extreme rainfall event, and demonstrate the characteristics of the extreme rainfall event based on the geographical location, the rainfall distribution, and the hazard characterization of various affected regions. Secondly, we analyze the characteristics of the victims, including their gender, age, the causes of death, the distribution and location of victims in the eight affected regions. The result of our study offers a new perspective in identifying the "vulnerable groups", which is different from the traditional research about the characteristics of vulnerable populations in disasters. Our statistical data shows that the male and adult victims are more vulnerable than female, children and elderly victims in this extreme rainfall event. The result is related to the characteristics of rainfall, the topography of affected districts, the time this extreme rainfall event occurred, and the distribution and location of victims. Finally, our study makes a significant contribution to understand the relationship between the rainfall parameters and victims with different characteristics. Through building several linear regression models, we find that the gender and age distribution of victims in this extreme rainfall event is affected by the rainfall intensity and duration in the affected areas. The male and adult victims are more susceptible to the change of the physical characteristics of rainfall than other types of victims in this extreme rainfall event, which made males and adults be the "vulnerable group" in this extreme rainfall event. In conclusion, the results of our study can provide a new perspective for stakeholders to identify the population at risk and select the extreme rainfall parameters which could affect human vulnerability significantly in an extreme rainfall event, and develop a mitigation approach to reduce casualties and economic losses caused by an extreme rainfall event.
